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Abstract: A wavelength shift of the photonic band gap of 141 nm is 
obtained by electric switching of a partly polymerized chiral liquid crystal. 
The devices feature high reflectivity in the photonic band gap without any 
noticeable degradation or disruption and have response times of 50 µs and 
20 µs for switching on and off. The device consists of a mixture of photo-
polymerizable liquid crystal, non-reactive nematic liquid crystal and a chiral 
dopant that has been polymerized with UV light. We investigate the 
influence of the amplitude of the applied voltage on the width and the depth 
of the reflection band. 
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1. Introduction 
Chiral nematic liquid crystals (CLC) are well known for their spontaneous arrangement into a 
helical structure with periodicity of a few hundred nanometer and modulation of the refractive 
index profile [1]. The periodicity of a CLC, similar to a distributed Bragg reflector (DBR), 
possesses a 1D photonic band gap (PBG). The width of the photonic band gap is 
nPλΔ = Δ with Δn = ne-no the LC birefringence and P the pitch, which is equal to the distance 
to reach 360° rotation of the director. The long-wavelength band-edge, λL, and short- 
wavelength band-edge, λS are given by neP and noP, respectively. When an unpolarized light 
beam is incident on the planar CLC cell along the helical axis, the circularly polarized light of 
the same handedness as the chiral helix is reflected while the opposite handedness can 
propagate unhindered [1, 2]. 
CLCs have been used in applications such as lasers and displays [3–8]. Nevertheless direct 
control and tuning of the PBG are of crucial importance to several emerging applications: 
photonic information technology, lab-on-a-chip devices, and switchable optical devices such 
as sensors [9], reflectors, diffraction gratings, polarizers, shutters, notch- and band-pass filters, 
reflective displays, mirror-less and ultralow threshold tunable lasers, and modulators. 
Significant efforts have been devoted to tuning of the PBG using external stimuli such as heat 
[10–13], light [14–16], elasticity [17] and electricity [18–29]. Up to this point, almost all CLC 
devices have relatively slow switching characteristics in the order of several ms or a small 
tuning range which encumbers the use in practical applications. The most common technique 
for tuning is changing the pitch P [9–21]. Direct electronic control of the PBG is difficult 
because the periodic structure may deform non-uniformly and the Bragg reflection may be 
disrupted under the application of an electric field [2, 26, 29]. When an electric field is 
applied parallel to the helical axis, the CLC molecules (with positive dielectric anisotropy) 
tend to align parallel to the direction of electric field and the homogeneity of the structure is 
distorted [30, 31]. Helfrich has shown that the orientation pattern of cholesteric liquid crystals 
can be unstable in electric and magnetic fields and proposed a model for the so-called 
Helfrich deformation [32, 33]. In addition there can be a deterioration of the helical structure 
due to the presence of electro-hydrodynamic instabilities (EHDIs) at low frequencies [1, 12, 
34]. The so-called focal conic structure is highly scattering and is used in certain devices such 
as the eReader LCDs from Kent Displays. Some researchers have used polymer-stabilized 
CLC to tune the PBG [23, 35–42]. Yet the deterioration of the structure has remained a 
significant problem. Choi et al. [21] controlled the PBG by using ferroelectric liquid crystal 
(FLC) in CLC with a relatively large tuning range of ~101 nm but a slow response time of 
~280 s. A further limitation of this method is the fact that the liquid crystalline mixtures 
possess negative dielectric anisotropy and therefore have a small birefringence and narrow 
PBG. 
Choi et al. [22] have demonstrated wavelength tuning of the PBG from a hybrid structure 
consisting of an achiral nematic liquid crystal and a periodic polymer template. The resulting 
wavelength tuning is relatively fast and broadband with a response time of ~43 µs and a 
bandgap of ~100 nm. However only the long wavelength photonic band edge shifts to the 
blue, while the short band edge is fixed. In this method there is a reduction of the reflectivity 
in the reflection band, which makes them less suitable for some applications such as liquid 
crystal lasers. Recently Inoue et al. [24] fabricated a CLC laser that can be tuned continuously 
with a response time of less than 1 ms with a 30 nm blue shift, based on the modulation of the 
refractive index to control the selective reflection band. It is desirable to have a switchable 
PBG with fast response to electrical addressing and tuning over a broad range wavelength 
with high reproducibility without deformation and degradation. 
In this work, a shift of the photonic band gap of up to 141 nm and response times of 50 µs 
(switching ON) and 20 µs (switching OFF) is reported. This method features high stability 
and reflectivity without any noticeable degradation and disruption. The shift is performed by 
applying an electric field on a mixture of photo-polymerizable LC and non-reactive nematic 
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LC including a chiral dopant. The influence of amplitude of the applied voltage on the 
location of the PBG are investigated. 
2. Fabrication 
Chiral liquid crystal mixtures are made by dissolving a reactive LC which is a blend of 
different compounds from Merck, non-reactive nematic LC (MDA-00-3536, Merck) and right 
handed chiral dopant (BDH1305, Merck) in chloroform after stirring it for 20 minutes. The 
relative ratio of reactive and non-reactive LC is varied and different mixtures are prepared 
with non-reactive LC ranging from 40 to 60 wt%. It is possible to make devices for different 
operation wavelengths by selecting the appropriate chiral dopant concentration. For the results 
obtained in this manuscript, the concentration of chiral dopant is fixed to 3.7 wt%. 
The clearing point of the mixture is close to 102°C for all the mixtures. The composite 
mixture is injected into an empty cell using the capillary effect in vacuum on a hot plate in the 
isotropic phase. The cell consists of two glass substrates with 30 nm thick conductive Indium-
Tin-Oxide (ITO) electrodes, coated with a nylon layer and rubbed anti-parallel. In this way 
the CLC is stabilized in the planar texture with the helical axis perpendicular to the glass 
substrates. The empty cell is sealed with different spacers of 4, 6.75 or 8 µm. The cell is 
cooled to room temperature to form a homogeneous film without domains. Then the cell is 
exposed to 365 nm UV light for 1 minute to polymerize the CLC mixture. 
After polymerization, a chiral LC polymer is formed with selective reflection of right 
circularly polarized light. For the compositions and UV intensities we investigated the cell 
remains transparent without observable scattering. This indicates that droplets of nonreactive 
LC formed in the cross-linked network are smaller than 50 nm. To control the behaviour of 
the CLC films, the concentration of nematic LC and the UV dose for curing are controlled. 
3. Results and discussion 
To investigate the influence of the concentration of nonreactive LC inside the network, 
mixtures with 40, 50 and 60 wt% of MDA concentration are used in cells with 4 µm 
thickness. After fabrication, the transmission spectra of the samples are measured by a 
spectrometer (Perkin Elmer) while applying a sine shape voltage signal of 1 kHz with 0 to 
247 V/µm RMS electric field. The fabricated CLC films exhibit a broad PBG centered 
between 800 and 900 nm with a total bandwidth of approximately 100 nm. The blue shift of 
the PBG of the devices with 40-50 and 60 wt% MDA concentrations are shown in Figs. 1(a)–
1(c) respectively. The devices with 40 wt% nematic LC show the strongest blue shift, equal to 
141 nm. Unfortunately this mixture exhibits the highest threshold voltage (90 V/µm) and 
suffers from electric breakdown before the saturation of the wavelength shift is observed. The 
sample with 50 wt% MDA shows a 114 nm blue shift, with a 65 V/µm threshold. The cell 
with 60 wt% MDA shows a low threshold voltage of 35 V/µm but breakdown occurs after a 
48 nm shifting. Apparently the non-reactive LC exhibits a lower breakdown electric field than 
the polymerized components. In principle other liquid crystal materials with a higher 
breakdown voltage may be used, based on fluorinated compounds which typically exhibit a 
lower ionic content. In principle a higher concentration of nematic LC causes more and larger 
voids inside the polymer network which facilitates the reorientation of the nematic LC. This 
leads to the lowest threshold in the device with 60 wt% MDA. The shift of the long band edge 
wavelength of the PBG as a function of the applied electric field for devices with 40, 50 and 
60 wt% MDA concentration is shown in Fig. 1(d). It illustrates that the shift is continuous and 
the degree of modulation of the device with 40 wt% MDA concentration is larger than the 
others. Note that the IR absorption in Figs. 1(a) and 1(c) is slightly higher due to thicker ITO 
electrodes (200 nm) compared to Fig. 1(b) (30 nm). 
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Fig. 1. Transmission spectra for unpolarized light, a) 40 wt%, b) 50 wt% and c) 60 wt% MDA 
concentration for different applied electrical fields. d) Shifting of the long band edge position 
of the photonic band gap as a function of the applied electric field for mixtures with 40, 50 and 
60 wt% MDA concentration. 
In order to rule out polarization dependencies of the spectrometer, the transmission 
measurements have been performed for right handed circularly polarized light, that is 
produced with a linear polarizer and a zero order quarter wave plate at 850 nm. The 
transmission spectra of 4 samples with 50 wt% MDA and 4 µm thickness in Fig. 2 illustrate 
the reproducibility of the procedure. 
 
Fig. 2. Transmission spectra of 4 devices with 50 wt% MDA and 4 µm thickness, for right 
handed circularly polarized light. 
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Obtaining high reflectivity and low transmittance in the bandgap is essential for an 
effective distributed Bragg reflector. The theory of light propagation in CLC can be found in 
different books [43]. Equation (1) gives the reflectance for a CLC layer with thickness L for 
normal incidence when absorption and partial reflections at the interface with the substrate 
can be neglected: 
 
2 2
2 2 2 2
sin h
cos h ( ) sin h
2
sL
R ks sL sL
κ
= Δ
+
 (1) 
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2 2
2 2
(n n )
2(n n )
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p
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ne and no are the extra-ordinary and ordinary refractive indices of the liquid crystal and p is 
the pitch. The transmission is simply T = 1- R. At the center of the PBG, ∆k = 0 and the 
reflectance is maximum: 
 2tanR h Lκ=   (6) 
High reflectivity can be obtained by increasing the anisotropy and the thickness of the CLC. 
Figure 3(a) shows the simulated transmission for samples with 4 µm thickness and different 
birefringence values. Figure 3(b) shows the simulated transmission of samples with ∆n = 
0.163 and different thicknesses. The reflectivity within the PBG increases with increasing 
thickness or increasing birefringence. A fit of the measurement results with the theoretical 
curves reveals that the polymerized mixture has a birefringence of 0.16. 
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Fig. 3. Simulated transmission spectra for right handed polarized light for a) cells with 4 µm 
thickness and 3 different values of the birefringence; b) cells with ∆n = 0.163 and different 
thicknesses (the dotted line is a measured transmission spectrum). 
To avoid electric breakdown for strong electric fields and to achieve low transmission in 
the reflection band, the thickness of the cells is increased to 6.75 and 8 µm. Figure 4 shows 
the transmission spectra for a thickness of 8 µm for right handed circularly polarized light. As 
a figure of merit we define the contrast ratio as the ratio between the transmission for zero 
volt and for a high voltage for a certain wavelength. The contrast ratio is 16.5 and 21.5 
respectively for 6.75 and 8 µm thickness. This value is larger than the contrast ratio of 9 of the 
device with 4 µm thickness. 
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Fig. 4. Transmission spectra for right handed polarized light for devices with 50 wt% MDA 
and 8 µm thickness, for different applied electrical fields. 
The transmission in the center of the PBG is practically independent of the applied electric 
field and the width of the photonic band gap is only slightly reduced. This proves that the 
uniform helical order is maintained. The transmission in the PBG of samples with 8 µm 
thickness is reduced with respect to the 4 µm samples, but not as much as expected from the 
theoretical calculations shown in Fig. 3(b): the measured transmission in the middle of the 
PBG is 3.55%, while the theoretical estimation is below 0.01%. To understand this mismatch, 
the Stokes parameters of the transmitted light for linearly polarized incident light (equal 
amounts of RH and LH polarization) are measured for a wavelength near the center of the 
bandgap [44]. The Stokes parameters for samples with 4 µm and 8 µm thicknesses are shown 
in Table 1. S0 represents the total intensity and is normalized to 1. The Stokes parameters S1, 
S2 and S3 are obtained using the method described by Xie et al. [44] The degree of 
polarization p follows from 2 2 2 21 2 3p S S S= + + . The ellipticity angle χ is determined from sin2χ 
= S3/p and the result is 33.2° and 42.9° for the samples with 4 µm and 8 µm thickness 
respectively. The transmitted light for the thinner (4 µm) sample has a high degree of 
polarization (0.988) but the ellipticity angle deviates strongly from 45°, indicating that there is 
also an important transmission of right handed circularly polarized light. This is in agreement 
with the experiments of Fig. 2 and the simulation of Fig. 3(b). For the thicker (8 µm) sample 
the transmitted light is mainly circularly polarized (S3), but the degree of polarization is 
decreased to 0.958 which means there is an important contribution from scattered light. 
Table 1. Stokes parameters of the transmission of linearly polarized light with a 
wavelength near the band center. 
Thickness 4 µm 8 µm 
S0 1 1 
S1 0.194 0.035 
S2 
−0.344 0.045 
S3 
−0.906 −0.956 
p 0.988 0.958 
Ellipticity angle (χ) 33.2° 42.9° 
Transmission minimum (%) 6.89 3.55 
 
A CLC reflector with a 1 × 1 cm2 active region with band gap in the visible region is 
placed on a black sheet of paper which the word ‘Mohammad’ in white colour. Figure 5 
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shows the photographs of the device with and without applied electric field. This shows that 
the field-tuning of the PBG keeps good transmission for white light without scattering in the 
visible region which is usually not the case for polymer-CLC composites [23]. 
 
Fig. 5. A macroscopic photograph of a CLC orange reflector with 1 × 1 cm2 active region 
placed on a black sheet on which the word Mohammad is printed, a) without and b) with 
applied electric field. 
To explain the blue-shift of both the right and the left band edge one has to consider the 
fact that light at the right band edge is traveling through the medium with an electric field 
vector aligned along the director of the helix. Light with a wavelength at the left band edge is 
traveling with an electric field vector perpendicular to the director. This explains why the 
right and left band edges are located at neP and noP respectively. The blue shift means that the 
refractive indices ne and no both decrease with increasing applied voltage. The orientation of 
the nematic LC inside the voids is initially random as shown in Fig. 6(a), contributing with 
the average refractive index navgLC to the ne and the no of the mixture. By applying an electric 
field, the nematic LC inside the voids is oriented and aligned parallel to the electric field due 
to the positive dielectric anisotropy of the material. In this case only the ordinary refractive 
index of the liquid crystal noLC contributes and both refractive indices of the mixture decrease. 
As the pitch is fixed by the polymer template, and the refractive index decreases, the photonic 
band edges both shift to the blue and the reflected colour changes. By removing the electric 
field, everything returns to its original state. 
 
Fig. 6. Scheme of the pattern with a polymerized CLC network and dispersed nano droplets 
with nematic LC a) without b) with applying electric field. 
Figure 6 illustrates the switching of the liquid crystal under influence of an electric field. 
The response time of the device with 50 wt% MDA, 8 µm thickness and long band edge of 
870 nm is measured with a microscope (Nikon, eclipse,E400 POL), 850 nm light emitting 
diodes for the illumination and a silicon photodiode for the detection. When the voltage is off, 
the transmission is low as shown in Fig. 7, because the wavelength is inside the PBG. When 
applying a voltage, the nematic LC orients perpendicular to the substrates and the photonic 
band gap shifts to smaller wavelengths. The wavelength of 850 nm is now above the PBG and 
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right circularly polarized light is strongly reflected. The 10–90% response times are 50 µs and 
20 µs for respectively turning on and off, when switching between zero voltage and a block 
wave voltage signal with amplitude 150 V/µm and frequency 1 kHz. These switching times 
are drastically shorter than in previously reported work [21, 22, 24]. 
 
Fig. 7. Electrical response of the 50 wt% MDA device with 8 µm thickness for an block wave 
electric field with amplitude 150 V/µm and frequency 1 kHz. 
It should be noted that the device does not switch anymore for frequencies larger than 10 
kHz. It is found that this is due to speed limitations of the voltage amplifier. The slew rate of 
the amplifier (Trek model 50/750) is 125 V/µs which limits the driving frequency. The slew 
rate of the amplifier also explains the fact that the switching off time is shorter than the 
switching on time. 
4. Conclusions 
In conclusion, we have demonstrated a wide and fast shifting of the photonic band gap of a 
mixture of photo-polymerizable LC and nematic LC including a chiral dopant assisted by 
applying an alternative electric field. The wavelength tuning has been shown to be maximum 
141 nm with relatively high stability and reflectivity and without any noticeable degradation 
and disruption. The response time is 50 µs and 20 µs for turning on and off an electric field, 
respectively. 
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